We demonstrate the ultrahigh extinction operation of a silicon photonic (SiP) amplitude modulator (AM) employing a cascaded Mach-Zehnder interferometer. By carrying out optimization sweeps without significantly degrading the extinction, the SiP AM is robust to environment changes and maintained >52 dB extinction for >6 hrs. Introduction We previously reported an ultrahigh extinction SiP AM [1]. Using a cascaded Mach-Zehnder interferometer (CMZI) structure, we demonstrated >65 dB extinction ratio (ER), tunable across a broad spectral span. Theoretically and ideally, the CMZI design is capable of operating with infinitely high ER; however, in reality the ER is limited by the amplified spontaneous emission level of the light source, sensitivity of the photodetector, the resolution of the phase shifter etc. Other than these controllable aspects, the ER is also vulnerable to the environmental factors including the temperature change and the wavelength drift of the laser. It is challenging to maintain the ultrahigh extinction modulation for applications such as quantum communications and high-speed energy efficient data communications. In this paper, we demonstrate the operation of the CMZI circuit with stabilized ultrahigh ER. We record a > 52 dB ER for >6 hrs, and maintained a > 55 dB ER when slowly tuning the laser wavelength over a 15 nm span.
Introduction
We previously reported an ultrahigh extinction SiP AM [1] . Using a cascaded Mach-Zehnder interferometer (CMZI) structure, we demonstrated >65 dB extinction ratio (ER), tunable across a broad spectral span. Theoretically and ideally, the CMZI design is capable of operating with infinitely high ER; however, in reality the ER is limited by the amplified spontaneous emission level of the light source, sensitivity of the photodetector, the resolution of the phase shifter etc. Other than these controllable aspects, the ER is also vulnerable to the environmental factors including the temperature change and the wavelength drift of the laser. It is challenging to maintain the ultrahigh extinction modulation for applications such as quantum communications and high-speed energy efficient data communications. In this paper, we demonstrate the operation of the CMZI circuit with stabilized ultrahigh ER. We record a > 52 dB ER for >6 hrs, and maintained a > 55 dB ER when slowly tuning the laser wavelength over a 15 nm span.
Transfer matrix simulation and experimental measurement
Figure1 (a) schematic of the CMZI structure. φ1-4 are thermal-optic phase shifters. There are additional electro-optic phase shifters on the second stage for the high-speed operation, however, they are not discussed in this paper. (b) Power extinction between the output ports P3 and P4. In this simulation, we assume 1) The three 90˚ couplers are identical, 2) The top and bottom waveguide branches are balanced, 3) single wavelength light is coupler into the CMZI from P1, 4) φ1= φ3, φ2= φ4=0 in order to track the phase setting for high extinction at the output port P3 of a CMZI structure with imperfect 90˚ couplers. (c) Power extinction between the output ports P4 and P3. Different from (b), we assume φ1= -φ3, φ2= φ4=0, so that the high extinction is achievable at the output P4. Fig.1(a) shows the schematic of the CMZI fabricated at the silicon photonic facility at Sandia National Laboratories [2] . The circuit design includes two stages constructed by three 2×2 3 dB couplers. The thermal-optic (TO) phase shifters TO1 and TO2 on the first stage control the power split ratio in the two waveguide branches on the second stage. The TO3 and TO4 manipulate the phase of light in the top and bottom branches on the second stage, thus modulate the output power and phase at P3 and P4.
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The CMZI experimentally studied in the paper is composed of three 90˚ couplers. Their power coupling coefficient can be written as ( • ), where κ is the coupling strength of the two parallel waveguides in the coupler and L is the coupling length. In presence of imperfect power split, meaning ( • ) ≠ 0.5, ultrahigh ER is still achievable with the help of independent phase control on the second stage. An additional requirement is that the first stage conventional MZI is capable of splitting the optical power to the 1 − ( • ): ( • ) ratio for the second CMZI stage. The transfer matrix simulations in Fig.1(b) & (c) indicate that we can achieve an ultrahigh ER at both output ports when the power split ratio is within the range from 25:75 to 75:25. Outside this range, the high ER is still available at the bar output port with respect to the optical input in the situation of over coupling and at the cross port when the couplers under couple the light. Compared to the conventional MZI, the CMZI removes the requirement of ~ 50:50 power split couplers for high ER, thus enlarging the spectral bandwidth of high ER operation in a dramatic way. In our previous work, we demonstrated > 65 dB ER, tunable over a wavelength span of 160 nm [1]. Despite of the CMZI's advantages, the ultrahigh ER suffers from environmental factors. One reason is the power split ratio of the couplers are sensitive to the environment. In addition, the ultrahigh ER requires precise control of the phase introduced by the phase shifters. Therefore, a straightforward way to maintain high ER is carrying out optimization sweeps on phase shifters from both stages when the ER degrades to a preset value. Fig. 2(a) shows the ER as a function of phase introduced by TO1 and TO3. As we carefully select the range and step size for optimization sweeps, we are capable of avoiding local optima and maintaining the ultrahigh ER . Fig 2(b) shows the ER maintained >52 dB over > 6 hrs with a 60 dB optimization threshold. After a > 60 dB ER triggers an optimization, the ER is likely to degrade further by sweeping to the wrong direction resulting the dips on the red curve. In comparison, the ER degrades from 60 dB to 40 dB within 40 mins in the free run. Each optimization takes < 12 s, and we record the minimum ER during the sweeps. This minimum ER is limited by the step size of the phase tuning.
In a different experiment, we gradually tuned the input laser wavelength within the range from 1480 to 1495 nm. The process lasted for more than 4 hrs, and we measured the ER with an optimization threshold of 65 dB in the meantime. Fig. 2(b) shows the measured ER and the laser wavelength as functions of the time. The ER is above > ~55 dB in the test. The couplers' power split ratio and the optimal phase setting for ultrahigh ER are sensitive to both the temperature and the wavelength. We can expect a similar result by varying the operating temperature of the CMZI circuit. Therefore, we believe the optimization sweeps are capable of improving the robustness of the CMZI's ultrahigh ER operation.
Conclusion
We demonstrated stable ultrahigh ER operation of a SiP CMZI AM. We maintained the ER above > 52 dB for > 6 hours in the lab and > 55 dB for > 4 hrs when tuning the operation wavelength within a 15 nm span.
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